Regular, multiannual cycles observed in the population abundance of small mammals in many arctic and subarctic ecosystems have stimulated substantial research, particularly among population ecologists. Hypotheses of mechanisms generating regular cycles include predator-prey interactions, limitation of food resources, and migration or dispersal, as well as abiotic factors such as cyclic climatic variation and environmental stochasticity. In 2004 and 2005, we used indirect methods to estimate trends in population size of Richardson's collared lemmings (Dicrostonyx richardsoni) retrospectively, and evaluated the extent of synchrony between lemming populations at 2 coastal tundra study areas separated by approximately 60 km near Cape Churchill, Manitoba, Canada. We collected scars on willow plants (Salix) resulting from lemming feeding. Ages of scars ranged from 0 to 13 years at both study areas. Scar-age frequency appeared cyclic and we used nonlinear Poisson regression to model the observed scar-age frequency. Lemming populations cycled with 2.8-year periodicity and the phase of the cycle was synchronous between the 2 study areas. We suggest that our approach could be applied in multiple settings and may provide the most efficient way to gather data on small mammals across both space and time in a diversity of landscapes.
Cyclic fluctuations of small mammal populations occur across arctic and subarctic ecosystems (Danell et al. 1999; Elton 1942; Scott 1993; Shelford 1943; Stenseth and Ims 1993) . Lemmings (Dicrostonyx and Lemmus) and voles (Microtus and Myodes [formerly Clethrionomys]) in Europe, Asia, and North America exhibit both regular cyclic and noncyclic trends in abundance over time (Erlinge et al. 1999; Predavec et al. 2001; Stenseth and Ims 1993) . Hypotheses of mechanisms generating regular cycles (see reviews in Kendall et al. 1999; Stenseth 1999; Stenseth and Ims 1993; ) include predator-prey interactions (Erlinge et al. 1983; Steen et al. 1990 ), limitation of food resources (Laine and Henttonen 1983; Pitelka 1964) , and migration or dispersal (Krebs 1978) , as well as abiotic factors such as cyclic climatic variation and environmental stochasticity (Scott 1993) . Variation in availability of lemmings as a food resource for arctic and sub-arctic predators may have implications for regional trophic dynamics (Angelstam et al. 1984; Bêty et al. 2002; Kjellander and Nordström 2003; Summers 1986; Underhill et al. 1993) . To evaluate causes of cyclic population dynamics and potential trophic interactions that may result, long-term time series of arvicoline abundance are needed. In Europe, long-term data sets for voles and other small mammals exist from some locations (Stenseth 1999 ), yet extensive data sets for small mammals in northern North America are few (however, see Pitelka and Batzli 1993; Scott 1993; Shelford 1943) .
Methods of estimating small rodent abundance, such as trapping grids and capture-mark-recapture techniques (Framstad et al. 1993; Pitelka and Batzli 1993; Roth 2002) can be time consuming and provide data only for the time period in which the trapping occurred. Data from only a few years may not reveal the extent of population variation or long-term trends in abundance (Berryman 2002) . In addition, trapping is frequently conducted at only small spatial scales, which limits the spatial extent of inference regarding population abundance and synchrony of population dynamics. Because asynchrony in arvicoline population cycles may occur across varying extents (Erlinge et al. 1999; Predavec et al. 2001) , extending conclusions based on population data from 1 location to a landscape or regional level may not be warranted.
An indirect technique to describe small mammal population trends, originally developed for voles (Danell et al. 1981 ) but later extended to lemmings (Danell et al. 1999; Predavec et al. 2001) , involves collecting scars on the outer layers of the shrubs utilized as food by small mammals. Scars are created by small mammals when they forage on plants. Depending upon local growing conditions, scars can remain visible for up to 30 years (Danell et al. 1981 (Danell et al. , 1999 . By sampling scars from an area and determining the ages of scars, it is possible to estimate the relative abundance of small mammals for previous years. However, the probability of detecting a scar is higher for more recent scars because older scars can be more difficult to identify because of plant growth, and there are likely fewer old scars available to be collected because of natural plant death. Therefore, the observed scar-age frequency distribution typically decays as a function of time before scars are sampled. Previous analysis of these data sets has been limited to identifying peaks in the plotted scar-age distribution as evidence of peaks in mammal abundance (Danell et al. 1999; Predavec et al. 2001 ). More sophisticated statistical techniques are needed to correct for the effects of visibility bias and plant death to make these data a better estimate of relative small mammal abundance (Predavec et al. 2001 ).
Along the coastal tundra regions of the Hudson Bay Lowlands near Cape Churchill, Manitoba, Canada, Richardson's collared lemmings (Dicrostonyx richardsoni) are the most common small mammal. Multiannual population cycles have been observed near the town of Churchill, Manitoba, and may be influenced by fall and winter weather conditions (Scott 1993; Shelford 1943) . However, the magnitude of population cycles and synchrony across tundra areas of the Hudson Bay Lowlands is unknown. Collared lemmings feed primarily on willow (Salix-Batzli 1993) and surveys for scarring on these plant species can provide a long-term time series of relative lemming abundance.
Herein we report on modeling observed willow scar-age distributions from 2 study areas of coastal tundra near Cape Churchill, Manitoba; correcting for visibility bias to estimate trends in relative lemming abundance; and examining the extent of synchrony between these 2 disjunct study areas. Specifically, our objectives were to assess the utility of scar-age frequency to model past abundance of lemmings, and quantify the spatial synchrony of population fluctuations of lemmings across the Cape Churchill region.
MATERIALS AND METHODS
The Cape Churchill region of Manitoba, Canada, is an area of low-lying coastal tundra along the western shores of Hudson Bay (Fig. 1) . The Nestor One study area (588349N, 938119W) was just south of Cape Churchill and approximately 60 km east-southeast of the town of Churchill. The core study area was approximately 48 km 2 and located within Wapusk National Park (11,475 km 2 ). The landscape at Nestor One was characterized by low relief, continuous permafrost, poor drainage, beach ridges, coastal marshes, and coastal tundra vegetation (Didiuk and Rusch 1979; Wellein and Lumsden 1964) . Major habitat types consisted of coastal salt marshes, beach ridge freshwater sedge meadows, and interior freshwater sedge meadows (Brook 2001; Didiuk and Rusch 1979) . Seven species of willow occur at Nestor One including Salix lanata, S. reticulata, S. brachycarpa, S. candida, S. pedicellaris, S. arctophila, and S. planifolia (Brook 2001) . The climate is influenced strongly by Hudson Bay, which can remain frozen for up to 9 months of the year. Examination of previous trap data from this location suggested that the collared lemming was the only small mammal species that occurred on the study area (Roth 2002) .
The Broad River study area (588079N, 928519W) was located approximately 60 km south of Nestor One along the Hudson Bay coast (Fig. 1) scars along 10 randomly established transects (range: 1-4 km in length) and opportunistically during other research activities at Broad River. As at Nestor One, we used a 5-m buffer around each transect or collection point to define the search area. Because fresh scars may be easier to identify than older scars, at each sampling location we collected a random sample of 3 of the first 5 visually identified scars to reduce visibility bias. In 2004 and 2005, we determined if scars were caused by gnawing by lemmings, based on the presence of teeth marks. If possible, we identified the species of willow for each scar collected. We air dried individual scar samples until we analyzed them in the laboratory.
In the laboratory, we reexamined scars for the presence of teeth marks as evidence of gnawing by lemmings. Scars not caused by lemmings or collected from a dead plant were discarded from further analysis. We cut a cross section of the scar using plant clippers and soaked it in warm water for 5 min. We cleaned the surface of the softened cross section with a scalpel, and placed the samples into a drying oven at 50-608C for !48 h (Predavec et al. 2001) .
We examined all cross sections of willows using a dissecting microscope. We measured the stem diameter (mm), determined the total number of growth rings on the stem (stem age), and determined the number of growth rings that had grown since the scarring event (scar age). We removed stems that could not be read clearly from further analysis. We calculated the age of the stem when it was scarred as the stem age minus the scar age. We used 2-tailed t-tests to compare mean values for stem diameter, stem age, scar age, and stem age when scarred between Nestor One and Broad River. To evaluate the extent of visibility bias, we used analysis of variance to examine variation in scar ages based on the order in which scars were visually identified in the field (Moore and McCabe 2003) .
To estimate past lemming abundance, we employed generalized Poisson regression with a nonlinear kernel mean function to fit a statistical model to the raw scar-age frequency data. We initially fit a model to the combined data from both study areas. This model (hereafter, Common) took the following general form:
where Y was the count of scars of age X, N was the total number of scars in the sample, X was the scar age in number of years before present, a 0 was the half-life for scars (i.e., on average, one-half of the scars become undetectable every a 0 years), a 1 and a 2 were tuning parameters for the amplitude of the curve, a 3 was another tuning parameter that shifts the period to match the data, and a 4 was the period of the scar-age frequency distribution and indirectly of the lemming population. Because older scars may be more difficult to see because of plant growth and less abundant because of plant death, we included an exponential decay term in the model of the observed scar-age frequency (exp[ln(0.5) Â X/a 0 ]). By removing this term, we predicted scar-age frequency in the absence of reduced visibility and plant death to generate an estimate of relative abundance of collared lemmings.
We fit 3 variations of the Common model structure. The 1st variation allowed for separate trend functions for each study area but incorporated a common decay term (hereafter, Trend):
All parameters were the same as the Common model and G represented study area and equaled 1 for Nestor One and 0 for Broad River. The 2nd variation of the Common model fit a unique model to each of the study areas (hereafter, Separate):
Using these 3 model forms, we examined whether the trend in lemming cycles was the same for Nestor One and Broad River. We predicted that if population trends of lemmings were synchronous between the 2 study areas, the Common model would perform at least as well as the Separate or Trend models.
Last, we evaluated differences in the reduction in scar detection between Nestor One and Broad River by fitting a model with common trend functions but different decay terms. Such variation may, for example, occur as the result of differing local growing conditions. This model (hereafter, Decay) took the following form:
We compared all models using Akaike's information criterion corrected for small sample sizes (AIC c ) and assessed the probability that each model was the best of those evaluated using Akaike weights (w i -Burnham and Anderson 2002). We used the best-supported model to estimate relative abundance of lemmings for each year of the time series represented by our data. We generated 95% confidence intervals (95% CIs) of the predicted scar-age frequency using the delta method (Cramér 1946; Oehlert 1992) . We examined the parameter estimates from the model with the most support to evaluate both the decay rate of scars and indirectly, the periodicity and amplitude of the population cycles of lemmings. We calculated 95% CIs using Wald estimates for linear parameters and followed the procedures described in Cook and Weisberg (1990) to estimate 95% CIs for nonlinear parameters. We used SAS version 9.1 (SAS Institute Inc., Cary, North Carolina) and 
RESULTS
In 2004, we collected 844 scars from willow stems at Nestor One. We were able to age 794 scars, with !1 from each of 7 species of willow that occur at Nestor One (Table 1) . Ages of scars ranged from 0 to 13 years with a mean of 2.3 years (SE ¼ 0.08 years, n ¼ 794). Diameter of stems averaged 4.3 mm (SE ¼ 0.06 mm, n ¼ 791) and the mean age of stems when collected was 7.7 years (SE ¼ 0.13 years, n ¼ 786). The average age of stems when the scarring occurred was 5.5 years (SE ¼ 0.11 years, n ¼ 786).
In 2005, we collected 253 scars at Broad River along 10 random transects (n ¼ 110) and opportunistically during other research activities (n ¼ 143). We could age 239 of these willow scars, with !1 scar from each of 7 local species of willow. Ages of scars ranged from 0 to 13 years with a mean of 3.0 years (SE ¼ 0.15 years, n ¼ 239). Diameter of stems averaged 4.8 mm (SE ¼ 0.10 mm, n ¼ 238) and the mean age of stems collected was 8.4 years (SE ¼ 0.20 years, n ¼ 238). The mean age of stems when scarred was 5.3 years (SE ¼ 0.18 years, n ¼ 238). The mean diameter of stems (t ¼ 4.51, d.f. ¼ 1,027, P , 0.0001) was larger and the mean age of stems when collected (t ¼ 2.35, d.f. ¼ 1,022, P , 0.02) was older than for willow scars collected at Nestor One (Table 1) . However, we detected no difference (t ¼ 0.49, d.f. ¼ 1,022, P . 0.62; Table 1) in the mean age of stems when scarred between Nestor One and Broad River. Ages of scars were not associated with the order in which they were visually identified (F ¼ 1.24, d.f. ¼ 4,763, P ¼ 0.29).
The observed scar-age frequency distribution appeared cyclic at both locations (Fig. 2 ) and our nonlinear model fit the data well. The Common model had the lowest AIC c value, indicating it was the best supported of the 4 models we evaluated ( Table  2) . None of the other models were within 2 AIC c units of the Common model, which had a 92% probability of being the best model among those we evaluated based on w i . All other models received substantially less support ( Table 2 ). The predicted scar-age frequency from the Common model compared well with those observed at both Nestor One and Broad River (Fig.  2) . These model selection results suggested that the Common model adequately described the distribution of ages of willow scars for both Nestor One and Broad River, indicating strong synchrony in scar-age frequency and therefore, relative abundance of lemmings between study areas. Using the Common model and point estimates of its parameters, we removed the exponential decay term and plotted the predicted scar-age distribution in the absence of reduced visibility as a function of scar age separately for Nestor One and Broad River (Fig. 3) , which provided an estimate of relative abundance of lemmings over time. The 95% CIs for the predicted scar-age frequencies in the absence of decay were typically larger for older scars (Fig. 3) . Because of our relatively small sample size (n ¼ 15 years), we constrained periodicity to remain constant in the Common model, which resulted in an estimate (a 4 ) of 2.8 years (SE ¼ 0.02 years) for lemming cycles over the last 14 years in this region (Table 3) . The parameter estimate for the half-life of willow scars (a 0 ) was 2.1 years (SE ¼ 0.08 years; Table 3 ).
DISCUSSION
We estimated trends in relative abundance of collared lemmings retrospectively and evaluated the extent of synchrony between populations of lemmings at 2 coastal tundra study areas separated by 60 km near Cape Churchill, Manitoba, Canada, based on frequency distributions of willow scars resulting from foraging by lemmings. Furthermore, we extended the scar-sampling technique (Danell et al. 1981 (Danell et al. , 1999 Predavec et al. 2001 ) through application of generalized Poisson regression with a nonlinear kernel mean function to generate visibility bias-corrected scar-age frequencies. By accounting for reduced visibility of older scars and plant death, we generated a measure of relative abundance of lemmings that can be 
). Error bars represent 95% confidence intervals for predicted counts using the delta method.
used to assess ecological relationships (e.g., predator-prey relationships-Reiter 2006) retrospectively. Furthermore, timeseries data for up to 15 years, and longer in other studies (see Danell et al. 1999; Predavec et al. 2001) , can be acquired readily in the field. The relative simplicity of collecting willow scars facilitates studying dynamics of lemmings over broad spatial scales and allows for the assessment of spatial synchrony in population trends of lemmings. In addition, compared with techniques that result in estimates of absolute abundance (e.g., snap trapping and mark-recapture), estimates of relative abundance of lemmings based on scar-age frequency distribution can be derived readily across broad spatial and temporal scales.
Our estimates of population cycles and relative abundance of lemmings using willow scars and nonlinear modeling agreed well with limited trap data (1994 ( -1997 ( -Roth 2002 and anecdotal evidence from Nestor One (1991-2005-D. E. Andersen, in litt.). Only in 1995 did the estimated relative abundance of lemmings derived from trapping data differ from that based on willow scars. This discrepancy simply may be a function of the small number of scars collected from years further back in time and thus uncertainty in our estimates. Similarly, observations of lemming sign at Nestor One (e.g., nests, burrows, and droppings) corroborated our estimated relative abundance in nearly all years (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . Populations of collared lemmings at Nestor One and Broad River appeared strongly cyclic with approximately 3-year periodicity. Although we were not able to compare our estimates of abundance directly to abundance of lemmings at other locations, previous studies identified 3-to 4-year cycles in abundance of collared lemmings at the town of Churchill (Scott 1993; Shelford 1943; Shelford and Twomey 1941) . Recent trapping at Cape Churchill (Roth 2002) , although spatially and temporally limited, suggested a 4-year period in abundance of lemmings. At a minimum, our model results appear to have adequately described the relative abundance and the trend in abundance of lemmings over all years we evaluated.
Furthermore, our modeling indicated that population cycles of lemmings were synchronous between Nestor One and the Broad River. If population cycles were asynchronous, we expected that the Separate or Trend model would have been the best-supported model in the set of models we evaluated.
Although synchrony in arvicoline population cycles can occur across a broad spatial scale (200-1,000 km- Erlinge et al. 1999) , Wrigley (1974) suggested that population cycles of lemmings were asynchronous between the town of Churchill, Manitoba, and the Seal River to the north, a distance of only 56 km, and that further north (208 km) the phase of the population cycle was again different than at Churchill or the Seal River. In contrast, Shelford and Twomey (1941) asserted that peaks in abundance of lemmings near Cape Churchill roughly coincided with peaks in abundance near the town of Churchill. Examination of our data clearly identifies synchrony in the population cycles of collared lemmings at 2 coastal tundra 
of willow (Salix spp.) scar-age frequency at 2 study areas near Cape Churchill, Manitoba, Canada. a 0 was the half-life of scars (years), a 1 and a 2 were tuning parameters corresponding to the amplitude, a 3 was a tuning parameter that shifted the period to match the data, and a 4 was the period of scar ages and an indirect estimate the periodicity of lemming population abundance. 95% CI ¼ 95% confidence interval. locations separated by 60 km in the Cape Churchill region. Although the cause of landscape-level synchrony in population cycles is not known, one hypothesis suggests that wide-ranging nomadic avian predators may influence synchrony of population cycles of rodents (Ydenberg 1987) . Under Ydenberg's (1987) hypothesis, if population cycles were asynchronous, nomadic predators would overexploit certain populations that may be at peak abundance when others are at a population low. Shelford (1943) and Smith and Foster (1957) documented that potential avian predators of lemmings are more abundant in years with greater abundance of lemmings in this region; however, any causal link between their presence and regional synchrony in population cycles of lemmings is not known. Our modeling technique incorporated several simplifying assumptions. First, we assumed that feeding on willow stems does not influence the availability of willow. Although growth of plants in the arctic may cycle, it is not clear whether such cycles are (Elmqvist et al. 1987; Oksanen and Ericson 1985; Virtanen et al. 1997) or are not (Laine and Henttonen 1983) influenced by feeding of small mammals. Furthermore, it is unclear whether plant growth is increased or decreased through intensive grazing and thus whether a change in plant growth would influence gnawing rates by lemmings and subsequently the number of scars observed. Therefore, in our analyses, we assumed the number of scars was proportional to the abundance of lemmings.
Second, because this dendrochronological technique quantifies the amount of growth that has occurred since the scarring event, estimates of the relative abundance of lemmings encompassed the entire time period since the previous growing season ended until the time of collection. Plant growth ends during the early to mid-fall in arctic and subarctic ecosystems. Therefore, our analysis assumed that overwinter abundance of lemmings is proportional to abundance of lemmings the following spring. If a population crash occurred within that time period, extrapolating estimated relative abundance of lemmings to the following late spring and early summer may be inappropriate. This may account for the few discrepancies between our data and previous estimates of the abundance of lemmings in this region. However, previous studies (e.g., Erlinge et al. 1999; Predavec et al. 2001) have demonstrated agreement between willow-scar data and subsequent summer trapping data, although intra-annual variation in the abundance of lemmings cannot be accounted for using this technique.
Finally, we assumed that all small mammal species within the study area that may create scars are cycling with some degree of synchrony. Trapping conducted at Nestor One in the 1990s (Roth 2002) did not result in capture of any other small mammal species, but similar data for Broad River are lacking. However, the strong synchrony in population cycles of lemmings between Broad River and Nestor One indicated in this study suggested that if species were present at Broad River that did not occur at Nestor One, they likely exhibited population fluctuations similar to the local population of collared lemmings. A previous study near the town of Churchill suggested that populations of lemmings may lag behind those of voles by 1 year in the peak population phase, but that both populations would likely experience a crash in the same year (Shelford 1943) .
From a methodological perspective, our results also suggest that identification of scars was not biased by differences in visibility between old and young scars, suggesting that it may not be necessary to randomize the order in which scars are collected in future surveys. This would increase sample sizes and efficiency of scar collection. Furthermore, although the decay rates between our 2 study areas were similar, future studies should consider a model(s) that allows for separate decay rate parameters for each study area to account for possible differences in detection of scars among study areas.
We have extended existing methods to retrospectively assess relative abundance of small mammal populations in a subarctic landscape using scars resulting from foraging. By incorporating nonlinear models that accounted for visibility bias related to age of scars into a model-selection framework, we were able to assess past abundance of lemmings over a relatively long time interval (15 years) and between 2 study areas separated by approximately 60 km. Making similar assessments by directly estimated abundance would not have been feasible. We do not suggest the model fit to the observed data should be used to predict relative abundance of lemmings outside of the range of scar ages collected. This would require an assumption about constancy in periodicity that may be unwarranted. However, we suggest that our approach could be applied in multiple settings and may provide the most efficient way to gather data on abundance of small mammals across both space and time in a diversity of landscapes.
